Background: Successful deep brain stimulation (DBS) in Parkinson's disease (PD) requires optimal electrode placement. One technique of intraoperative electrode testing is determination of stimulation thresholds inducing corticospinal/corticobulbar tracts (CSBT) motor contractions.
Current propagation toward the corticospinal/corticobulbar tracts (CSBT) can preclude further increase of the stimulation intensity and adequate patient care; as such it is important to ensure minimum distance from the DBS electrode to the CSBT (1, 2) . The stimulation threshold of CSBT is clinically assessed intraoperatively by examining visually small muscle group contractions (2) . Intraoperative stimulation has been used in brain tumor resections to prevent infarct of CSBT (3) . Previously, the correlation between the distance of the resection site to CSBT and the stimulation amplitude had been studied, with different stimulation parameters than those in DBS procedures, through electromyography (EMG) and under general anesthesia (4) (5) (6) .
In the DBS field, a linear correlation between the stimulation thresholds of CSBT side effects and the distance to CSBT has been found, allowing for the assessment of the position between CSBT to DBS electrodes (7) . In this initial study, the stimulation amplitudes were described with voltages, and stimulation thresholds were determined visually. Aims of the present study are (i) to analyze the correlation between the distance of DBS contacts to CSBT and the amplitude of stimulation expressed with both voltage (volts) and estimated current (milliamperes), to establish an intraoperative tool devoted to ensure safe distance of the electrode to the CSBT; (ii) to determine if this correlation was stronger using low-frequency stimulation (LFS) or high-frequency stimulation (HFS) (i.e., 2 versus 130 Hz) and for pulse durations of 60 versus 210 µs, as used in centers intraoperatively; and (iii) to examine whether this correlation could be stronger using EMG beyond visually detected muscle contractions.
MaTerials anD MeThODs

Patients
Thirteen patients agreed to participate in the study. Both medications and contralateral implanted pulse generator (IPG) were unchanged during the study, except for the patients who had an Activa PC (Medtronic, Minneapolis, MN, USA) for which it was not possible to maintain the contralateral subthalamic nucleus (STN) on HFS stimulation. One patient (P7) was excluded because of very high amplitude rest tremor. Twelve patients were included (6 female, 6 male, all right-handed; median age = 62.5 years; interquartile range: 58.5, 71.5 years; minimum: 51 years, maximum: 76 years). Duration of PD at surgery time was on average 12.3 years (standard deviation: 3.7 years).
Efficacy of STN-DBS was evaluated using the Movement Disorders Society-Unified Parkinson's Disease Rating Scale (MDS-UPDRS) part III (motor part) in the OFF medication/ ON stimulation condition 1 year after surgery, in reference to the OFF-medication condition evaluated before surgery. Mean improvement in MDS-UPDRS-III score was 48.3%, SD: 28.3, which is consistent with other studies (8) (9) (10) and a metaanalysis (11) .
All patients were implanted under local anesthesia by the same neurosurgeon (SM) and received the bilateral quadripolar DBS lead 3389 (Medtronic Inc., Minneapolis, MN, USA) according to previously published methodology (12, 13) .
This study was conducted according to ethical guidelines of the Declaration of Helsinki and was approved by the Ethical Committee of the University Hospitals of Geneva (ref. no. 14-230). All patients gave and signed an informed consent.
stimulation Stimulation was applied through commercially available IPGs (Activa PC or SC; Medtronic, Minneapolis, MN, USA). Solely monopolar configuration was applied, one single contact of the electrode was stimulated in reference to the case of the pulse generators. While IPGs can deliver voltage-or currentcontrolled stimulation, this latter option is not available with the Medtronic Activa at frequencies lower than 30 Hz. Since we wanted to compare LFS versus HFS, the amplitudes of stimulation were delivered in volts, and impedances were measured at the end of each session, always with 1.5 V, for every contact in every patient. Applied currents were estimated with the Ohm's law: current (mA) = voltage (V)/impedance [Ohms] . We verified with an externalized Activa-IPG that the voltage provided for HFS and LFS was of similar amplitude with 60 µs pulse duration. As previously described, IPGs provide first cathodic pulses of different amplitudes for different pulse widths [i.e., asymmetrical biphasic pulses, short duration cathodic first pulse, long duration anodic second pulse (14, 15) ]. Hence, the voltage of the cathodic pulse was measured. Nevertheless, that voltage was found different from the one displayed by the IPG and is approximately 4% lower. To improve correlation precision, we included in the analysis this estimated-4% difference in voltage. With the same externalized Activa-IPG, we measured the difference in the amplitude (V) of the cathodic pulses for 60 and 210 µs and found an average difference of-1.5% (lower voltage with 210 µs, in consequence of electrical charge balancing). Therefore, we decreased by 1.5% the stimulation thresholds obtained with 210 µs before analyzing correlations. The applied currents were estimated with the Ohm's law after the application of these corrections.
The session started with the chronic parameters, i.e., 130 Hz/60 μs. Patients were evaluated in their ON-medication state. The voltage was increased progressively until the first-evoked motor contraction was visually observed on the contrala teral upper limb's muscles and on the face. The stimulation threshold was defined as the voltage evoking that first contraction. The experiment was aborted when a side effect occurred before muscle contraction, e.g., dizziness, ill-being sensation, etc. This procedure was repeated for every four contacts of the right STN electrode. The same procedure was repeated for LFS, i.e., 2 Hz; contractions were visually and EMG detected.
clinical Detection of contractions
Contractions were visually detected by coauthor JB, neurologist, focusing on upper and lower face muscles and distal contralateral hand muscles. This author was guiding the stimulation, therefore, was always aware if stimulation was ON or OFF as well as amplitude. surface eMg
Surface electrode pairs (DSE 3115, Medtronic Xomed Inc., Jacksonville, FL, USA) were used to record EMG activity (bipolar recording). Monitored muscles were the contralateral thenar group and first interosseus/lumbrical muscles (upper limb) and orbicularis oculi and orbicularis oris (face). Electromyography was sampled at 5 kHz and band-passed filtered [(1; 700)Hz; BrainAmp MR plus, Brain Products Gmbh, Munich, Germany]. Ground electrode was a surface electrode located on the lateral aspect of the frontal bone, anterior to the temporal muscle. EMG activity was visually detected from EMG recordings by coauthor CB during the LFS sessions only, as HFS artifacts prevented the detection of EMG activity. This author was scrutinizing the EMG activity and was not aware of the intensity of stimulation. Brief muscular contractions were detected from EMG when they occurred shortly after the stimulation artifacts at latencies around 10 ms for the face and around 18 ms for the hand and at amplitudes higher than the 130 Hz artifacts from the contralateral not studied left electrode (Figure 1 ).
imaging and Determination of the Distance to the csBT
Each patient had a detailed preoperative MRI (Siemens Trio 3.0 T scanner). The technical protocol included high resolution 3DT2, 3DFLAIR, axial T2*, axial FSET2, and 3DT1 sequences after administration of gadolinium. The 3DT2 sequence (TE = 223 ms, TR = 2,400 ms, field of view = 450 mm 2 , matrix = 448, slice thickness = 1.0 mm) was fused (16) with a postoperative CT-scan [Siemens Somatom Definition Flash (Siemens, Erlangen, Germany)] or a GE Discovery 750HD (GE Healthcare, Milwaukee, WI, USA).
The software used was the Integrated Registration, AW Volume Share 4.6, GE Healthcare. The program made a rigid-body registration using mutual registration with a two-pass-transform estimation (for rotation and translation). Image alignment was visually evaluated. In cases in which alignment was not satisfactory by use of the automatic alignment option, it was completed by use of the manual alignment option.
The distance of each electrode contact's center to the closest border of CSBT was measured: the first boundary of the "distance measurement tool" (DMT) was adjusted on the contact's center visualized on the CT-coronal plane, extracted from the MRI-CT fusion; then the second boundary of the DMT was adjusted to get the smallest distance to the antero-medial border of CSBT visualized on the MRI-axial plane extracted from the MRI-CT fusion (Figure 2 ).
statistics and Fitting with Model of electrical spread activation
All analyses were performed using SigmaStat 3.11 (Systat Software Inc., Richmond, CA, USA). Linear correlations between the distance of the electrode to CSBT and contraction thresholds were performed for HFS and LFS with computation of the Pearson's correlation coefficients, once normality test (Kolmogorov-Smirnov test) and the test of equal variance for residuals were passed. In that case, 95% confidence bands of the regression and the 95% prediction bands were computed. In case normality test or equal variance test failed, the Spearman's correlation coefficient was computed. Pearson's correlation coefficients were also computed to evaluate the goodness of fitting with the model of electrical spread of activation of Kuncel et al. (17) . This model was also adapted for currents, dividing the voltage by the average impedance measured in our series of patients, i.e., 1,300 Ω.
Differences between proportions of face or hand responses were examined with z-tests (two-tailed test).
Missing Values
We identified four types of missing values: the most frequent was abortion of the experiment when patients experienced a non-motor side-effect, a second type was when no contraction was observed even at the maximal amplitude, the third was if parkinsonian rest tremor prevented visual detection of contractions, and the fourth was when the patient was too tired to continue the experiment. Missing values were ignored.
resUlTs
Significant correlation was found between the distance of the DBS electrode to the CSBT and the stimulation threshold of contractions for HFS and LFS ( Table 1) . The highest correlation coefficient was found for the visually detected contractions evoked at HFS when stimulation was described with estimated current (Pearson coefficient: 0.63, p < 0.0001; Spearman's coefficient: 0.72, p < 0.001; Figure 3 ). Within Figure 3 , the 95% prediction bands (red lines) can be used to determine from the stimulation threshold amplitude (milliamperes), the range within which the distance (millimeters) of the center of a contact to the closest border of the CSBT would be encountered. For comparison, we analyzed how the well accepted model of electrical activation described by Kuncel et al. (17) fitted with our data. The Pearson coefficient found was of r 2 = 0.50 (Figure 3 ).
For all correlations with level of significance higher than 0.01, coefficients were found higher when stimulation was described with estimated current rather than with voltage ( Table 1 ). This could be expected since, when using estimated currents, the variance due to variable impedance across patients is excluded, which is not the case with voltages.
Correlation coefficients obtained with LFS were not as high as with HFS (0.45 and 0.50 versus 0.54 with voltages; 0.43 and 0.61 versus 0.72 with currents; Table 1 ); however, the use of EMG when using LFS improved those correlations ( Table 1) . Indeed, with LFS-60, the visually detected contractions were seen far more often in the hand than the face (32 hand occurrences versus 5 face occurrences; p < 0.01; Table 2 ); once EMG detected, these proportions normalized (14 hand occurrences versus 10 face occurrences; p > 0.05), suggesting that EMG contributed to a better detection of contractions of the face at LFS. This was also the case with LFS-210 (33 hand occurrences versus 2 face occurrences; p < 0.01; Table 2 ); once EMG detected, these proportions normalized (19 hand occurrences versus 14 face occurrences; p > 0.05). These results approach the proportion seen with HFS, with which the contractions were slightly more frequently observed in the face than the hand (difference not significant; 19 face versus 10 hand occurrences; p > 0.05). As described in Table 2 , in some patients, for given parameters, no contraction could be observed before other side-effects occurred (such as dizziness or ill-being sensation), explaining the reduced number of patients providing contraction thresholds.
With HFS, the contractions were, for the hand, tonic contractions inducing slow movements (e.g., abduction of the index finger in case of first dorsal interosseus contraction; opposition of the thumb in case of thenar group contraction); for the face they consisted of small twitches or "fibrillations" of small muscle parts, usually around the corner of the lip, just above or below it. With LFS, the induced contractions were myoclonic jerks of the hand muscles. At threshold, the jerks would be intermittent; if the amplitude was increased any further, then the myoclonic jerks would become permanent at the given 2 Hz frequency. For the hand, it was thus much easier to identify the contractions with LFS than with HFS: the former eliciting rhythmic jerks and the latter slow tonic contractions, whose threshold it was difficult to identify. For the face, on the contrary, the small twitches were easily seen with HFS.
DiscUssiOn
The present study confirms a linear correlation between the stimulation amplitude and the distance of the DBS electrode to the CSBT. It provides a prediction band that could be used intraoperatively to ensure safe distance of the electrode to the CSBT, when the stimulation amplitudes were described with current (milliamperes) rather than voltage (volts). To the best of our knowledge, a correlation between the distance from the site of stimulation to the CSBT and stimulation amplitude has been studied in the field of DBS for movement disorders with amplitude of stimulation only reported as voltage (7) . One modeling study of the spread of the electrical activation provides an equation linking the distance of one contact to the threshold of stimulation necessary to elicit paresthesia in thalamic stimulation (17) . However, Kuncel et al. used 90 µs and 160 Hz to elicit paresthesia in thalamic stimulation (17) , whereas here 60 µs and 130 Hz were used to elicit muscle contractions through CSBT stimulation. These differences in pulse duration and in stimulation frequency can explain partly the differences found with the equation described by Kuncel et al. (17) . Also the comparison of real data with modeling studies remind us here that many other parameters can make reality different from what models can predict.
One similar linear correlation between the distance to the CSBT and the amplitude of stimulation has been studied in the field of intraoperative neuromonitoring for brain tumor neurosurgery with the purpose of preventing CSBT infarct (3) (4) (5) (6) . In this setting, CSBT mapping was performed for more distant stimulation, i.e., with larger amplitudes of stimulation and with different stimulation parameters (up to 25 mA, short trains of five pulses, rather than continuous stimulation). In our study, such a correlation was found with much smaller ranges of stimulation, which is of major interest to preserve the nearby CSBT (18) .
Correlation coefficients were higher when stimulation was described with estimated current. The variance due to heterogeneous impedance across patients is excluded with currents but not with voltages. This illustrates the clinical implications of using voltage-controlled DBS rather than current-controlled DBS. Indeed, in voltage-controlled DBS, the amount of current that spreads throughout brain tissue is dependent upon the impedance of the tissue surrounding the electrode contact, whereas in current-controlled DBS, the IPG delivers a constant amount of current, irrespective of the impedance (19) . Impedance varies with stimulation parameters, type of tissue, or time (19, 20) . For instance, the scar surrounding a chronically implanted electrode may vary the impedance. With stimulation duration, impedance can change (21) (22) (23) , in particular, when a contact starts to be stimulated (24, 25) , or even during sleep (26) . It is noteworthy that the stimulation thresholds could vary according to the alertness of our patients, possibly due to changes in impedance or muscle relaxation. To avoid that, we attempted to maintain patients' alertness. In the present study, the stimulation amplitude was applied as voltage, due to technical considerations, and the thresholds expressed as current are the result of a calculation including the measurement of the impedances. An even more precise correlation might have been obtained with patients equipped with currentdelivering IPGs.
The present study confirms that the clinical use of HFS to detect CSBT stimulation from visually detected contractions is a marker for localization of DBS electrodes. Nevertheless, the use of LFS with EMG-detected contractions can also be applied.
The shortest distance of each electrode contact to the CSBT was determined on an axial plane: indeed the coronal plane can also be reliably used for the ventral contacts as these contacts are closest to the medial border of the CSBT. However, for dorsal contacts, an axial plane should be used, principally since they are closest to the antero-medial border of the CSBT ( Figure 2C) ; moreover, the medial border of the CSBT is less visible dors ally on a coronal plane. Tommasi et al. (7) used a coronal plane, and that technique was reliable for lower contacts, less so for more dorsal contacts. Therefore, we suggest using an axial plane.
limitations of the study First, clinical contractions were only searched on the face and on the contralateral hand; scrutinizing the foot or other body parts would have not been feasible in practice. Therefore, this study cannot account for all types of CSBT contractions. Second, there were outsiders (data not shown) that contributed to decrease the coefficient correlations at LFS; they were probably due to missed detection of face contractions ( Table 2 ), contributing to assign higher currents to the measured electrode distance to the CSBT. Third, EMG detection of contractions was especially useful in the case of patients with mild to moderate tremor, which impaired visual detection of contractions ( Figure 1) ; tremor interfering with visual detection could have also contributed to assign higher thresholds of contraction detection. Fourth, regarding the distance measurement on the fused CT-MRI, there is an inherent risk combining the CT and MRI images; however, this was indispensable.
cOnclUsiOn
This study found a significant linear correlation between the distance of the DBS electrode contact to the CSBT and the stimulation amplitude. It provides a prediction band to ensure minimum distance of the DBS contacts to the CSBT from the stimulation amplitude. This correlation was stronger when stimulation was described with estimated current (milliamperes), reinforcing the need for current-controlled stimulation when conducting across patients or intraoperative DBS studies. The same data were close to a model of electrical spread of activation (17) . We confirmed that the HFS chronically used for DBS can be applied to assess CSBT side-effects related to DBS, as is done intraoperatively, but should be considered respecting a prediction band and not simply an equation. Whereas this correlation was not superior with LFS compared to HFS, the use of surface EMG seems to contribute to more precise correlations at LFS than when contractions were visually detected, as EMG contributed to detect more often facial contractions.
As suggested by studies conducted in the field of tumoral neurosurgeries, such a prediction band could be applied during DBS procedures performed under general anesthesia as a tool to ensure safe distance of the electrodes to the CSBT.
eThics sTaTeMenT
